Life-history theory predicts that as organisms approach the end of their life, they should increase their reproductive effort (RE). However, studies on mammals often find that measures of RE do not vary with maternal age. This might be because offspring have some control over energy transfer which may constrain adaptive variation in RE by mothers, particularly in eutherian mammals where placental function is primarily controlled by offspring. However, in marsupials, energy transfer is primarily by lactation and under maternal control, leaving marsupial mothers free to vary RE. Here, we provide the first analysis, to our knowledge, of age-specific RE in a marsupial, the common brushtail possum. RE, measured as the proportion of maternal mass lost during lactation, was strongly correlated with offspring mass as a yearling. Older females had higher RE, gave birth earlier in the season and were more likely to produce two offspring in a year. Females with high RE in one year were lighter at the beginning of the next breeding season. These results provide the clearest support yet for terminal RE in a mammal.
INTRODUCTION
Reproduction involves the expenditure of maternal energy, which may have negative effects on a mother's own growth, survival and future reproductive success (Stearns 1992) . The level of energy investment in any reproductive attempt should therefore reflect a tradeoff between the benefits in terms of offspring quality and costs to reduced potential for future reproduction (Williams 1966) . Older females have fewer opportunities for future reproduction and as females age, the trade-off between current and future reproduction should be resolved in favour of high reproductive effort (RE) into current reproduction (Williams 1966; Clutton-Brock 1991; Forslund & Part 1995) . If risk of mortality rises abruptly at a particular stage of life, then theory also predicts a large increase in RE, and an associated decrease in resource allocation into somatic reserves, before that age (Pianka 1988; Polak & Starmer 1998) .
Although the prediction that RE should increase with maternal age does not hold for all organisms (Charlesworth & Leon 1976) , it should apply especially well to mammals, which are iteroparous, undergo terminal senescence (Packer et al. 1998) and because females expend large amounts of energy during lactation (Clutton-Brock 1991) . However, RE typically does not increase with age in mammals (Cameron et al. 2000; Cô té & Festa-Bianchet 2001; Weladji et al. 2002) . Offspring of older females sometimes have higher survival rates (Cameron et al. 2000; Clutton-Brock 1984) , but this may be a result of maternal experience, rather than greater energy investment (Cameron et al. 2000; McMahon & Bradshaw 2004) .
In this paper, we test the prediction that females should show an increase in RE and an associated decline in somatic investment as the probability of surviving to reproduce again declines with increasing age in a marsupial, the common brushtail possum Trichosurus vulpecula.
MATERIAL AND METHODS
The study was conducted over 4 years on Magnetic Island, North Queensland. Breeding seasonality, sexual dimorphism and density in this population are described in Isaac & Johnson (2003) . Patterns of offspring sex allocation are also described elsewhere . The degree of sexual dimorphism is low in this population (Isaac & Johnson 2003) , and mothers do not bias maternal effort in relation to offspring sex (J. Isaac, unpublished data). Female T. vulpecula begin to reproduce in their first or second year, produce a single offspring and demonstrate a typical marsupial maternal investment strategy, characterized by a short gestation (17 days) and long lactation period (ca 6-9 months; Tyndale-Biscoe & Renfree 1987). On Magnetic Island, the majority of females give birth between April and May (autumn), and a small proportion of females give birth to a second young, after successfully weaning a first, between October and November (spring).
Animals were live trapped monthly; all animals were PIT tagged and weighed and measured at each capture. Individuals were aged using a tooth wear index (Winter 1980) , calibrated by reference to females of known age marked during an earlier study (nZ8) and those born during this study (nZ14). RE was calculated as the percentage of pre-breeding mass (taken the month prior to known parturition) lost during lactation; post-lactation mass was taken the first month a female was caught without a dependent offspring. Mass loss was also calculated for females that gave birth, but lost a pouch young during lactation. Between-years changes in mass for individuals were calculated as absolute change from mass prior to parturition one year, to mass prior to parturition the next.
Between 0 and 40% of females each year gave birth to a second young and for analysis involving annual reproductive effort, the sum of both reproductive events was used for these mothers. Lactation for second offspring occurred during summer, November to March, when all animals increase in mass (J. Isaac, unpublished data). We therefore corrected for a 0.09 kg mass gain (mean summer mass gain for non-lactating adult females).
A date of birth was assigned to all young based on head length (see Isaac & Johnson 2003) , expressed as days before/after April 1 in any year. Second offspring born to mothers that double bred were excluded from analysis involving offspring mass at 12 months, as they became yearlings in spring rather than autumn. Male yearlings were also excluded, as the majority of sons dispersed before reaching 12 months of age.
Mixed models incorporating random effects (female identity) found no influence of female ID on RE ( pZ0.25), date of parturition ( pZ0.56) and probability of double breeding ( pZ0.1). Female ID was therefore dropped from further analyses, which did not account for random factors. Age-specific survival was calculated as the probability of an individual surviving to reproduce the next year, estimated from live-trapping data, using nominal logistic regression. Only females caught regularly for 2 years or more were included. For some analyses, females were categorized into three age categories; primiparous (1-2 years old; first-time mothers, still growing), middle-aged (3-5 years old; growth completed, high survival) and old (6 or more years old; declining survival).
RESULTS
During the study, 36 females produced 101 offspring. Growth in head length was completed by 4 years of age; body mass increased until the age of 6, before declining slightly (figure 1a). Average absolute annual mass gain was significantly higher in primiparous females ( xZ 0:24G0:04 kg, nZ18) compared with middle-aged ( xZ 0:01G0:04 kg, nZ26) and old ( xZK0:05G0:05 kg, nZ15) females ( Tukey-Kramer honestly significant difference (HSD) test; p!0.05). However, annual mass gain did not differ significantly between middle-aged and old females ( pO0.05) and mean body mass and head length did not differ significantly between age classes after the age of 3 (Tukey-Kramer HSD; pO0.05 in both cases). Probability of surviving to breed in the next reproductive season declined with age (figure 1b; c 2 Z4.77, pZ 0.02, nZ86).
Females lost an average of 6.52G0.79% of their pre-breeding body mass during lactation. Mass loss during lactation increased linearly with maternal age Age-specific probability of surviving to breed in the next year. The line is that predicted by a nominal logistic regression, filled circles show the actual proportion of females surviving at each age class (Gs.e.). (c) Mean reproductive effort (relative mass loss in lactation) in relation to age class, Gs.e., sample sizes shown above columns.
(R 2 Z0.17, pZ0.0006, d.f.Z63), and differed among the three maternal age groups, being highest in old females (figure 1c; F 2,61 Z10.27, pZ0.0001). This relationship remained when second offspring were excluded (F 2,61 Z9.3, pZ0.0004), and when absolute mass loss replaced relative mass loss (F 2,61 Z9.99, pZ0.0002). The percentage of body mass lost by individual mothers was positively related to offspring mass as a yearling (figure 2a; R 2 Z0.80, pZ0.0002, d.f.Z10). There was also a negative relationship between relative mass loss in one lactation cycle and a female's mass prior to parturition in the following year (figure 2b; R 2 Z0.26, pZ0.0008, d.f.Z39). RE as a middle-aged mother was not related to probability of survival into the old age class (c 2 Z0.87, pZ0.35, d.f.Z1, nZ22). There was no effect of maternal age on offspring mass at 12 months ( p O 0.5).
The proportion of old females that produced two offspring in a year was significantly higher than that predicted for the overall sample (binomial test: pZ0.004); this was not the case for the other two age groups ( pO0.1 in both cases). Females that double bred did not vary their RE between their first ( xZ 8:3G1:2%) and second ( xZ 7:8G1:2%) offspring (paired t-test; tZ0.27, pZ0.79, d.f.Z7). Old females gave birth to their first offspring earlier ( xZ 20:23G6:49 days, nZ26) than both primiparous ( xZ 63:18G8:27 days, nZ16) and middle-aged ( xZ 41:30G5:52 days, nZ26) females (F 2,77 Z8.52, pZ0.0005).
DISCUSSION
Individual females lost significant mass during lactation, indicating that body fat stores were mobilized to meet the energy requirements of reproduction. The percentage of pre-breeding body mass lost by females during lactation was related to offspring mass at 12 months of age, suggesting that mass change during Reproductive effort in a marsupial J. L. Isaac & C. N. Johnson 273 lactation was an index of transfer of energy from mother to offspring and a useful measure of RE.
Our results also reveal a cost of high RE on somatic condition and body reserves, as females with high RE in one year were lighter at the beginning of the next breeding season. Variation in RE was large and females with the highest rates of mass loss produced yearling offspring more than 50% heavier than females with minimal mass loss. Primiparous females lost little mass during lactation and some gained mass slightly. This is at least partly because they were still growing. However, our results suggest that these females still invested less in reproduction, as they produced offspring that were relatively small as yearlings.
From the age of 6 years, RE increased while the probability of a female surviving to the next breeding season declined. Consistent with increased RE, females tended to lose mass after 6 years of age. These results are consistent with the theoretical expectation that RE should rise sharply in females approaching the end of their life and that increasing RE comes at a cost to somatic investment (Pianka 1988) .
Old females gave birth to their first offspring earlier than other mothers did and there is extensive evidence from eutherian mammals that an early date of birth can benefit offspring in both the long and short term (e.g. Green & Rothstein 1993) . Older females were also more likely to produce a second young in the spring, thus increasing their RE in two ways-by investing more energy in each offspring and by increasing their annual reproductive output. There was no apparent trade-off between RE and offspring number, as mothers did not vary their RE in first and second offspring. However, non-breeding females gained considerable mass during summer; therefore, older mothers appeared to increase their RE and reproductive output, but sacrificed opportunities to re-build somatic reserves over the summer period, possibly at a cost to future survival.
A predominance of 'high-quality' females surviving to old age could provide an alternative explanation for our result. However, we found no evidence that middle-aged females with high RE were more likely to survive to old age. Similarly, age-related breeding experience could also explain our results, but there was no independent influence of maternal age on offspring mass, indicating that age-related RE and not age per se, influenced offspring.
We suggest that differences in the control of maternal investment in marsupials and placental mammals explain why, in contrast to previous studies of mammals, we found increased RE with age in this study. In placental mammals, a high proportion of total energy transfer is via the placenta (Hsu et al. 1999) . Because the placenta is derived from foetal tissue and regulated by foetal hormones, offspring have significant control over the rate of energy transfer in gestation (Haig 1993 (Haig , 1996 . Furthermore, an increase in offspring demand can, to some extent, influence milk production and rate of energy transfer via the mammary gland in placental mammals (Park & Jacobson 1993) . By contrast, energy transfer in marsupials is predominantly by lactation and the marsupial mammary gland is relatively unresponsive to changes in suckling stimulus: experiments using cross-fostering of pouch young in kangaroos show that if a large pouch young is placed on a mammary gland that has been producing milk for a smaller pouch young, the result is a slowing of the growth rate of the pouch young rather than a compensatory increase in milk production (Findlay & Renfree 1984) . In this sense, the marsupial mammary gland is relatively independent of the suckling young, controlled more by maternal factors than offspring demand (Tyndale-Biscoe & Renfree 1987; Trott et al. 2003) . Thus, while mother-offspring conflict may constrain adaptive variation in RE by placental mothers, this effect is probably significantly reduced in marsupials.
In conclusion, our study reveals a high degree of variability in age-specific RE in a marsupial, providing an excellent test of a general theory of adaptive variation in maternal RE. Females in the oldest age group combine three strategies to increase their overall maternal effort. RE in each breeding cycle increased late in life; the probability of breeding a second time late in the year increased; and older females also began breeding earlier in the year. Thus, old females increased both their annual reproductive output and their level of RE in individual offspring.
